The Devonian radiation of vertebrates from aquatic into terrestrial habitats 28 required behavioral, physiological, and morphological adaptations. Changes to skin 29 structure and function were likely crucial, but adaptations were needed to resolve 30 contrasting demands of maintaining a mechanical and physiological barrier while 31 also facilitating ion and gas transport. Little is known of the mechanisms that 32 underlie skin plasticity and adaptation between water and air. We performed 33 experiments using two isogenic lineages of an amphibious killifish (Kryptolebias 34 marmoratus from brackish and freshwater habitats) and used transcriptional and 35 morphological data to reveal mechanisms recruited to resolve the dual challenges of 36 skin providing both a barrier and an exchange interface during terrestrial 37 acclimation. Transcriptional regulators of skin morphogenesis were quickly 38 activated upon emersion. Regulation of cell-cell adhesion complexes, coupled with 39 pathways homologous with those that regulate stratum corneum formation, was 40 consistent with barrier function and mechanical reinforcement. Cutaneous 41 respiration was associated with regulation of angiogenesis pathways and with blood 42 vessel architecture that facilitated extremely short diffusion distances and direct 43 delivery to ionocyotes. Evolutionary analyses revealed directional selection 44 operating on proteins involved in barrier and respiratory functions, reinforcing the 45 importance of these mechanisms for enabling the amphibious lifestyle of K. 46 marmoratus. Fish from brackish niches were more resilient to emersion and also 47 differed from freshwater fish in ionoregulatory responses to emersion. We conclude 48 that plasticity of barrier, respiratory, and ionoregulatory functions in skin evolved 49
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to support the amphibious lifestyle of K. marmoratus; similar processes may have 50 facilitated the terrestrial radiation of ancient fishes. 51
Significance statement 52 53
The transition of vertebrate life from water to land coincided with solving 54 multiple physiological challenges including avoiding drying out while also 55 exchanging gases and ions with the environment. Though changes in the skin were 56 likely important, little is known of the mechanisms that underlie skin flexibility and 57 adaptation between water and air. We performed air exposure experiments with an Introduction 65 66 Devonian fishes seeded the first successful vertebrate invasion of land, where 67 various phenotypic innovations promoted a dramatic terrestrial radiation. What 68
were the mechanistic changes that facilitated this crucial adaptive leap to life on 69 land? It is difficult to infer the genetic and physiological traits that enabled the 70 original Devonian invasion of land. However, modern fishes have repeatedly 71 evolved physiological and behavioral traits that enable exploitation of terrestrial 72 niches (1) . Extant amphibious fishes offer an opportunity to study the variety of 73 mechanisms that may have facilitated the challenging transition of vertebrate 74 lifestyles between aquatic and terrestrial habitats. 75 Transition between aquatic and terrestrial habitats involves multiple 76 phenotypic traits. Perhaps best studied are changes in skeletal morphology, at least 77 partly because these traits can be preserved in the fossil record (2). However, other 78 morphological and physiological changes, which are less well preserved in fossils, 79 are also necessary to enable terrestrial adaptation. For example, it would be crucial 80 to change the structure and function of: respiratory organs in order to support 81 aerial respiration, water-exposed barrier tissues to prevent desiccation during 82 emersion, and ion regulatory/excretory organs to assist in the maintenance of 83 osmotic homeostasis as well as facilitate nitrogenous waste excretion in air (3). In 84 this regard, the opposing pressures of life in both water and land have been studied 85 in amphibians (4), where developmental changes during metamorphosis allow for 86 water to land transition. But the mechanisms that resolve the opposing pressures of 87 an amphibious existence in fishes have received comparatively less attention. 88 Nevertheless, this is an area worthy of investigation because the skin of amphibious 89 fishes is broadly acknowledged to modulate in response to all of the aforementioned 90 challenges associated with the water to air transition, and life out of water for an 91 amphibious fish is more likely to resemble the challenges faced by terrestrial 92 tetrapods during a pivotal period in vertebrate evolution. 93 For the skin of amphibious fishes to become a crucial organ for oxygen 94 transport, ion and water regulation, and nitrogenous waste excretion, and to 95 provide a mechanical barrier out of water, we hypothesized that structural, 96 physiological, and molecular changes must occur soon after emersion. We therefore 97
predicted that rapid and sustained regulation of molecular pathways associated 98 with dermal/epidermal structural remodeling, gas exchange, ammonia 99 detoxification, and water and ion transport, underpin the alterations in skin 100 structure and function that unfold during this transition from immersion to 101 emersion. 102
To test these hypotheses we used the amphibious mangrove rivulus uniquely in the K. marmoratus lineage will be associated with the molecular 126 pathways that regulate the species' unusual terrestrial acclimation abilities. 127 photographed under circularly polarized light as previously described (11). The 180 mean collagen hue for each picture was calculated according to the pixel 181 distribution as previously described (12). Treatment effects on collagen staining 182 were tested using two-way ANOVA, with time and strain specified as main effects, 183
Methods
including an interaction term, followed by a post hoc Holm-Šidák test. 184
Samples for TEM observation were prepared using skin sampled from both 185 HON and FW animals that were either pre-emersion controls or had been exposed 186 to emersion challenge for 7 days. Samples were acquired from a standardized region 187 of skin, just posterior to the operculum and dorsal of the horizontal midline. Tissue 188 was removed to include a small section of underlying epaxial muscle so as not to 189 damage the skin, and to provide orientation when sectioning. observed in the sub-apical region of the epidermis and its depth was determined by 205 tracing its length. On average, for each fish, the lengths of typically 6 -10 206 desmosomes were measured and then averaged to give an N of 1 for that animal. A 207 total of 158 desmosomes were measured for 20 animals. Treatment effects on 208 desmosome length were tested using two-way ANOVA, with time and strain 209 specified as main effects, including an interaction term. 210 211
Detecting positive selection 212
Positively selected molecular changes that are lineage-specific underlie 213 adaptive phenotypes that may be unique to a species. They leave recognizable 214 footprints in the genome, for example in the amino acid sequence of proteins. Such 215 footprints are detected when sequences are compared between orthologous loci 216 among relatives. We used OrthoMCL (13) which is a program that filters 217 orthologous proteins and GUIDANCE2 (14) to remove unreliable coding sequence 218 (CDS) alignments and alignment positions. We then used Phylogenetic Analysis by 219
Maximum Likelihood (PAML (15)) to identify positively selected sites on targeted 220 lineages, in our case those that are specific for K. marmoratus (Fig. S15 ). 221 We downloaded protein and CDS sequences in FASTA format of genome 222 assemblies from (1) were then summarized within a file that was loaded to mysql by the 239 orthomclLoadBlast module. The orthomclPairs and orthomclDumpPairsFiles 240 modules then found, sorted, and created results files of all protein pairs (orthologs, 241
in-paralogs, co-orthologs). The mcl and orthomclMclToGroups modules generated 242 the groups.txt-file. We then used a custom python script to extract only unique 243 genes that were represented a) in all species, and b) due to their critical 244 phylogenetic distance and poorly sequenced genomes, in all species except D. rerio 245 and/or T. rubripes and/or G. aculeatus. We then extracted all corresponding 246 nucleotide sequences from the CDS FASTA file by applying another custom python 247 script. GUIDANCE2 was then used to remove unreliably aligned positions in the 248 multiple sequence alignments before testing for positively selected sites with PAML 249 4 (15). We conducted the analysis twice (e.g., the GUIDANCE2 filter and subsequent 250 PAML analysis) using different aligners: a) Muscle version 3.8.31 (16) and b) Mafft 251 version X7.721 (17). Figure S15 lists all guide trees that were used to fulfill branch-252 site tests for positive selection (M2-BS-H1 vs M2-BS-H0) in the K. marmoratus 253 lineage using PAML. We inferred positive selection in K. marmoratus when the 254 alpha-value for the likelihood ratio test was <0.01. 255 256
Transcriptome change during emersion acclimation 257
Transcriptomics data collection and analyses were described in (8). Briefly, 258
tissues were homogenized and RNA extracted using RNAeasy purification kits 259 (Agilent, Inc.). Individually-indexed RNA-seq libraries were prepared using NEBnext 260 RNA library preparation kits for Illumina, libraries were pooled, and sequence data 261 collected across four lanes of Illumina 4000 (PE-150). Five biological replicates 262
were included per treatment group, except for two treatments (HON11 fish 72hrs  263 post-emersion, and HON11 fish 0hrs pre-emersion control) that had four replicates. 264
Sequence reads were mapped to the K. marmoratus gene set reported in (18) 265 (Whole Genome Shotgun project GenBank accession LWHD00000000, GenBank 266 assembly accession: GCA_001649575.1) using STAR v2.4.2a (19), and read counts 267 generated using HTseq v0.6.1 (20). We retained genes that had greater than 10 read 268 counts for at least four of five biological replicates within any treatment group. Read 269 counts were log2 transformed and normalized for gene length and total library size 270
in EdgeR v3.20.9 (21). Differential expression analysis was performed in Limma 271 v3.34.9 (22), where strain (HON, FW)) and time (0hr, 1hr, 6hrs, 24hrs, 72hrs, 272 168hrs) were specified as main effects, and strain*time as an interaction term, 273
including false discovery rate adjustment of p-values. RNA-seq read sequences are 274 archived at NCBI (SRA accession: SRP136920, BioProject: PRJNA448276). A matrix 275 of per-gene per-sample raw read counts ("final.out.txt") and R scripts that detail all 276 of these analyses are available in a GitHub repository 277
(https://github.com/WhiteheadLab/mangrove_killifish). 278 We examined three sets of transcriptional responses: transcripts with a 279 significant temporal effect that was similar between HON and FW fish (shared 280 acclimation response genes), transcripts with a significant time-by-strain 281 interaction (genes that differed in their acclimation response between HON and FW 282 fish), and transcripts that were not responsive to emersion, but were constitutively 283 differentially expressed between HON and FW fish (strain genes). Shared 284 acclimation response genes were grouped by temporal patterns of co-expression, 285 which were defined by the time post-emersion at which expression was first 286 significantly different from pre-emersion controls. This grouping was performed 287 separately for up and down-regulated (compared to pre-emersion control) genes. 288
For functional inference, clusters of co-expressed genes were examined for gene 289 ontology (GO) and KEGG pathway enrichment using DAVID v6.8 (23) (Tables S1-290 S11) using Uniprot IDs from human orthologs of K. marmoratus genes, and for 291 canonical pathway and BioFunction enrichment using Ingenuity Pathway Analysis 292 (24). 293 294
Results & Discussion
Though the HON and FW animals shared many molecular, morphological, 297
and physiological responses during aerial acclimation, they differed markedly in 298 their resilience to emersion. All HON animals survived the entire duration of 299 emersion, whereas FW animals suffered 80% mortality by 7 days out of water ( Fig.  300 1A). Variable resilience between strains could be due to genetic differences between 301 strains, or due to differences in acclimation environment. Though the FW strain 302 used in these experiments inhabit a very different native habitat (freshwater) than 303 HON strain animals (brackish/marine), likely resulting in evolved differences in 304 physiology, the experiments reported here were not designed to distinguish genetic 305 (heritable) from acclimation differences between strains. By 7 days following 306 emersion metabolic rate decreased by 5.2% in HON animals, but not in FW animals 307 (time-by-strain interaction p = 0.02; Fig. 1B ). Metabolic depression is likely an 308 adaptive response to diminished feeding during terrestrial forays (Turko et al. in 309 review) and is observed in at least two other brackish/marine strains of K. 310 marmoratus, each of which also survived at least 7 days of emersion (8). High 311 mortality following emersion is therefore a response that is confined to the FW 312 strain of animals. We conclude that acclimation or adaptation to fresh water 313 constrains effective acclimation to emersion. 314 We detected many genes that were transcriptionally responsive to emersion, 315
and that differed in expression between strains (Appendix S1). A large set of genes 316
was transcriptionally responsive to emersion challenge in both strains (main effect 317 of time only, with no significant time-by-strain interaction; Fig. 2A ). When sorted by 318 time point at which expression was first significantly different from pre-emersion 319 controls, patterns of propagating waves of up-and down-regulation emerged. Up-320 regulation tended to be quick (early) and transient, whereas down-regulation took 321 longer and tended to be more persistent. A smaller set of genes was differentially 322 expressed between strains during acclimation (interaction between time and strain; 323 Fig. 2B ), and fewer still were constitutively differentially expressed between strains 324
(main effect of strain only, Fig. 2C ). Changes in expression of genes encoding 325 structural proteins were further supported by changes in skin ultrastructure and 326 collagen content in both strains. 327 328
Skin morphology 329
Air exposure induced rapid changes in transcription of genes associated with 330 skin remodeling. Transcription factors were enriched among the genes up-regulated 331 by 1 hr post emersion (Table S1 ), including those known to regulate skin 332 morphogenesis (25) such as transcription factors P65 (NFkB or RELA), retinoic acid 333 receptor, Krueppel-like factor 4, and transcription factors AP-1 (JUN, FOS) ( Fig. S1 ). 334
Amphibian skin remodeling during metamorphosis is thyroid hormone-dependent; 335 remodeling is initiated by thyroid hormone receptor which heterodimerizes with 336 retinoic acid receptor and acts as a transcription factor to regulate the expression of 337 target genes (4). We observed parallel up-regulation of THRA and RARG within 1 hr 338 post-emersion ( Fig. S1 ), which is consistent with a convergent role of thyroid 339 hormone signaling in skin remodeling during terrestrial transitions between 340 amphibians and amphibious fish (4, 26 subunits that constitute the desmosome were up-regulated by 1 hr post-emersion 359 (Fig. 3) , and the GO term cell-cell adherens junction and canonical pathway epithelial 360 adherens junction signaling are enriched among transcripts up-regulated by 6 hrs 361 post-emersion ( Fig. 2A , Table S2 ). TEM shows deep tight junctions between apical 362 filament-containing cells (keratinocytes) that are exposed to the surrounding 363 environment and numerous desmosomes that 'stitch' these and adjacent epidermal 364 cells together in both control and aerially acclimated animals ( Fig. 3 ). Following 7 365 days of aerial acclimation, morphometric analysis shows that the length of the 366 second sub-apical desmosome (#2) increases in both HON and FW animals ( Fig. 3 ). 367
Desmosomes serve as the intercellular glue that is required for epithelial integrity 368
(27), and desmosome proteins are evolving by directional selection in K. 369
marmoratus (see below). This allows us to conclude that connections between 370 keratinocytes that interface with the environment are, at least in part, regulated 371 through desmosomes and that this is likely to be adaptively important for 372 mechanical reinforcement of the skin during emersion. 373
Structural constituents of the extracellular matrix (ECM) are regulated 374 during aerial acclimation. GO terms collagen and extracellular matrix organization 375
were enriched among transcripts down-regulated between 1 and 7 days post-376 emersion ( Fig. 2A , Table S6 ), including the down-regulation of at least 23 collagen 377
transcripts. This suggests that reduced collagen synthesis is an important 378 component of skin remodeling during emersion, which is consistent with our 379 observed reduction in collagen staining in skins sections from both strains by 7 days 380 post-emersion (p<0.001, Fig. 4 ). TEM observations indicate that collagen is 381 prominent in at least four regions of K. marmoratus skin: the stratum compactum in 382 the lower reaches of the dermis, the scales, the dermis/epidermis interface, and 383 epidermal and sub-epidermal vasculature (Fig. 4 ). Though additional studies will be 384 necessary to definitively identify skin regions where collagen decreases in emersed 385 fish, gene expression data implicate regulation of structures at the 386 dermal/epidermal interface during emersion. Integrins are structural and signaling 387 molecules important for focal adhesion complexes that anchor epidermal cells to the 388 ECM (including collagen) at the dermal/epidermal boundary. The KEGG pathway 389 focal adhesion is enriched for genes up-regulated by 6 hrs post-emersion ( Fig. 2A , 390  Table S2 ), including transcripts for integrin subunits and integrin ligands (Figs. S2, 391 S3). We notice that collagen in the sub-epidermal region of K. marmoratus skin 392 exhibited an unusual structural arrangement relative to that reported for other 393 fishes, as it appears in loosely ordered bundles ( Fig. S6 ), compared to the highly 394 ordered and deep plywood-like lamellae localized to the upper reaches of the 395 dermis in other fishes (e.g., (28-30)). We conclude that emersion quickly activates 396 pathways that regulate junctional structures between epithelial cells and the ECM, 397
and that atypical sub-epidermal architecture, epithelial remodeling, and 398 morphogenesis are crucial elements underpinning rapid aerial acclimation in K. 399 marmoratus. 400
As vertebrate life emerged onto land, a key challenge was to prevent water 401 loss; in amniotes, the stratum corneum (SC) forms the outermost layer of the 402 epidermis and functions as a barrier to protect from dehydration. Evolution of this 403 barrier function of the SC is considered crucial for the terrestrial radiation of the 404 amniotes (31). Though fishes lack many of the key proteins that constitute the 405 mature SC in amniotes (e.g., loricrin, filaggrin, involucrin) (32) transcriptional data 406 provide evidence that the molecular machinery that supports formation of the SC in 407
amniotes is activated during emersion acclimation in K. marmoratus skin. In 408 mammalian epidermis, the transglutaminases (in particular TGM1 and TGM5) 409
govern the process of protein cross-linking that produces the SC. These proteins 410
have been found in fish, are expressed in epithelial tissues, and TGM1 appears to 411 retain the ability to form cross-linked protein structures (33). In K. marmoratus 412 skin, TGM1 (which contains the characteristic N-terminal cysteine cluster) and 413
TGM5 are significantly up-regulated within 1 hr of aerial exposure (Fig. S7 ). The 414
other key proteins that regulate this pathway are also up-regulated by 1 and 6 hrs 415 post-emersion (e.g., EVPL, PPL, KAZN; Fig. S7 ). Furthermore, the sphingolipid 416 metabolism pathway, which produces lipids integral to barrier function of the SC in 417 amniotes (34), is up-regulated between 1 and 7 days post-emersion ( Fig. 2A , Table  418 S3). TEM images provide no evidence for the formation of a stratum corneum in 7-419 day acclimated K. marmoratus, so the physiological manifestations of these SC-420 associated molecular responses merit further inquiry. 421 422
Ammonia detoxification 423
In water, metabolic waste in the form of toxic ammonia is efficiently excreted 424 across the gills. However, alternate mechanisms are required to avoid ammonia 425 poisoning in the absence of gill-water contact, such as for species occupying 426 terrestrial niches. These mechanisms could include ammonia excretion across the 427 skin, either by acid trapping or volatilization, or metabolic conversion to less toxic 428 forms such as urea or glutamine (35). 429
Models for ammonia excretion in aquatic species were updated with the 430 discovery of the ammonia-transporting properties of Rhesus (Rh) glycoproteins 431 (36). In K. marmoratus, the three Rh glycoproteins Rhag, Rhbg, Rhcg show increased 432 expression by 6 to 24 hrs post-emersion (p=0.003, 0.03, 0.0004) ( Fig. S8) . Rh 433 glycoprotein expression responses are correlated with those of V-type H + -ATPase 434 subunits ( Fig. S8) , where combined these proteins could function as an ammonium 435 pump, consistent with an acid-trapping model for ammonia excretion proposed for 436 fish gills (36). Rh glycoproteins are localized to the apical crypt of epidermal 437 ionocytes in K. marmoratus (37); we posit that the deep apical crypts of ionocytes 438 that we observed in air-exposed fish (Fig. 5A ) may be important for creating a 439 suitable microenvironment for the acid trapping mechanism. Careful regulation of 440 skin surface pH is likely important to balance acid trapping of NH3 and volatilization 441 of gaseous NH3 in air (38), and this is achieved through H + -ATPase and Na + /H + 442 exchangers (NHE) (39). Expression of NHE2 is over 50-fold higher in HON fish than 443 in FW fish (Fig. S9 ). Since inhibition of NHE2 expression affects skin pH in air and 444 disrupts ammonia excretion across the skin (39), this difference in NHE2 expression 445 between HON and FW fish could reflect differences in the ability to excrete ammonia 446 across the skin in air and thereby contribute to differences in terrestrial acclimation 447 abilities between strains. 448
In addition to excretion, ammonia toxicity may be ameliorated through 449 metabolism to less-toxic substances. For example, glutamine synthetase (GLUL) 450 converts ammonia to non-toxic glutamine (40), thereby providing a crucial 451 ammonia detoxifying system. In K. marmoratus, expression of GLUL is significantly 452 increased at 1 hr post-emersion and stays high throughout their time in air (Fig.  453  S10) . These data are consistent with Rh glycoprotein-mediated ammonia excretion, 454 coupled with metabolic detoxification through glutamine synthetase, which enables 455 regulation of ammonia across the skin during acclimation to the terrestrial 456 environment. 457 458
Water/ion transport 459
K. marmoratus are able to effectively counteract desiccation while out of 460 water; after several days in air they increase water influx across the skin, whereas 461 water efflux does not change (41), and fish maintain whole-body water levels (42). 462
Enhanced water uptake may involve aquaporins or changes to paracellular tight 463 junctions (43, 44), and upon emersion we observed rapid up-regulation of 464 aquaporin 3, as well as claudin 10 and occludin tight junction transcripts (Figs. S11, 465 S5). 466
In air-exposed fish, TEM revealed two types of sub-apical tight junctions in 467 the epidermis. The most common were deep tight junctions, which link most cells in 468 the epidermis. Deep tight junctions are comparatively long (~ 200 nm) and appear 469 to either completely occlude the intercellular space ( Fig. S12A ) or reduce it so that it 470 appears as a single membranous "line". In contrast, a second type of tight junction 471 observed were shallow ("leaky") tight junctions, which linked ionocytes and 472 adjacent interdigitating cells in an arrangement that is similar to the relationship 473 between seawater fish gill ionocytes and interdigitating accessory cells. In K. 474 marmoratus skin, shallow tight junctions directly interface with the environment 475 within ionocyte apical crypts (Fig. S12B,C) . Shallow tight junctions were frequently 476 observed in TEM images from HON animals acclimated to air, but none were 477 observed in air-acclimated FW animals, despite the presence of apical crypts in 478 these animals. Indeed, this latter observation is particularly novel because in the gill 479 epithelium of fishes, ionocyte apical crypts are a hallmark of seawater but not FW 480 gill architecture. This is because in the seawater fish gill epithelium, ionocyte apical 481 crypts establish a microenvironment within which paracellular movement of Na + 482 across leaky junctions can occur, down an electrochemical gradient established by 483 transcellular Clsecretion (45). Therefore the enigmatic presence of deep apical 484 crypts without "leaky" junctions in ionocytes of air-exposed FW fish most likely 485 reflects the need to create a microenvironment for solute transport, not for Na + 486 secretion but possibly for NH3 trapping. In line with these observations, HON and 487 FW animals differed in their emersion-induced expression of key components of fish 488 ionocytes, including Na + /K + -ATPase and CFTR. Apical CFTR is acknowledged to 489 establish the electrochemical gradient that allows Na + transport through leaky tight 490 junctions, and claudin-10 proteins are proposed to selectively facilitate Na + 491 movement (46, 47). Notably, claudin-10 mRNA also exhibits strain and emersion 492 characteristics that are consistent with CFTR (e.g. both CFTR and claudin 10 are 493 more abundant in HON versus FW animals). Therefore, our observations suggest 494 that Na + regulation through "leaky" tight junctions that reside within apical crypts of 495 HON epithelial ionocytes is important for aerial acclimation in this strain. Indeed, 496 many genes that are typically expressed in fish ionocytes, and that facilitate water 497 and salt homeostasis, were expressed differently between HON and FW fish in 498 response to emersion (see Different responses to emersion between HON and FW fish 499 section below). We conclude that effective regulation of water and ions enables 500 aerial acclimation, and that variable osmoregulatory strategies may be linked to 501 differences in resilience to emersion between HON and FW animals. 502 503
Respiration 504
If fish skin is to act like a gill on land, then oxygen transport through this 505 organ should be enhanced during aerial acclimation. In this regard, a morphological 506 hallmark of cutaneous respiration in vertebrates is augmented vascularization of 507 the skin, and in some cases the presence of blood vessels in the upper reaches of the 508 epidermis which reduces the blood to water diffusion distance and enhances 509 epithelial gas transport in air (48). In this as well as previous studies, epidermal 510 blood vessels have been observed in K. marmoratus (49). However, our TEM images 511
show that by 7 days post-emersion the diffusion distance from air to blood in 512 epithelial capillaries is as short as 0.23 μm (Fig. 5C ); to our knowledge, this is the 513 shortest cutaneous diffusion distance yet measured in a fish. By comparison, 514 diffusion distance across the skin of other amphibious fishes, as well as the gill 515 epithelium of fishes in general, is at least one order of magnitude greater (50, 51). 516
Fish respiratory organs that have been reported to match the blood to water 517 diffusion distance of K. marmoratus skin are those of the suprabranchial chamber 518 and labyrinthine organ of the climbing perch (50). 519
Cutaneous angiogenesis was elevated within one day of air exposure in K. 520 marmoratus, accompanied by rapidly elevated expression of key angiogenesis 521 regulating genes including VEGF, ANGPT, EFNA, and PECAM1 (8). VEGF plays a 522 fundamental role in angiogenesis (52, 53) and VEGFA itself was up-regulated by 1 hr 523 post-emersion (8). Genes involved in the KEGG pathway VEGF signaling were 524 enriched among the genes significantly up-regulated by 6 hrs post-emersion (Table  525 S2), and angiogenesis and vasculogenesis are BioFunctions that were significantly 526 enriched (p=3.69E-8, 4.65E-9, respectively, IPA analysis) among the genes up-527 regulated by 24 hrs post-emersion (Fig 2A) . These include transcription factors 528 XBP1, NR4A1, and SRF ( Fig. S13 ) that regulate VEGF-dependent angiogenesis (54-529 56). Furthermore, bradykinin receptor promotes angiogenesis through nitric oxide 530 signaling (57), and we find parallel up-regulation of BDKRB2 transcripts and NOS1 531 by 6 hrs post-emersion (Fig. S13 ). We conclude that angiogenesis, coupled with 532 blood vessels in very close proximity to the apical surface ( Fig. 5C ), is important for 533 shifting respiratory functions from the gill to the skin during aerial acclimation. 534
In addition to blood vessels being located in the upper reaches of K. 535 marmoratus skin (Fig. 5C ) presumably for the purpose of enhancing respiration, 536 TEM observations also revealed the presence of blood vessels adjacent to ionocytes. 537
When ionocytes were observed in the epidermis of air-exposed K. marmoratus skin, 538 blood vessels were usually lying adjacent and in direct contact with them ( Fig 5B) . 539
Blood vessels were typically located at the base of the ionocyte at the epidermal-540 dermal border (but within the dermis). This arrangement essentially establishes the 541 ionocyte as a blood-to-water bridge, across which solutes could be efficiently 542 transported. Functionally, this is analogous to the gill epithelium where an exposed 543 ionocyte interfaces with water at the apical surface and the blood of the gill 544 vasculature at the basolateral surface (58). Therefore, from an architectural 545 standpoint, in addition to observing a reorganization of cutaneous vasculature for 546 respiratory purposes, we also observe a reorganization of integument vasculature to 547 presumably enhance solute transport properties. The highly organized spatial 548 arrangement of blood vessels, both very close to the skin surface and associated 549 with ionocytes, is likely to be functionally important to air-exposed K. marmoratus. 550 551
Different responses to emersion between HON and FW fish 552
Considering 7-day survival data, the HON fish were more resilient to 553 emersion than FW fish, and resilience correlated with reduced metabolic rate during 554 acclimation ( Fig. 1, Turko et al. in review) . Though resilience to emersion is likely 555 supported by physiological responses in multiple organs, we examined genes that 556
were differentially expressed between strains during emersion to offer insight into 557 the mechanisms that may contribute to this variable resilience in the skin. Among 558 the genes that were differentially expressed between strains during aerial 559 acclimation (strain*time interaction, p<0.05), we observe three clusters of co-560 expressed genes (Fig. 2B) and sodium transport (p=3.1E-2) ( Table S9 ). In addition to the sodium transport 569 genes (including Na + /K + -ATPase, Na + -bicarbonate cotransporter, Na + /H + exchanger) 570
we detect a number of other genes known to be involved in osmoregulation in fish 571 gills and differentially expressed between strains, including V-type H + ATPase, 572 CFTR, carbonic anhydrase, claudins, and aquaporin (Fig. S14) . Set 3 is also enriched 573 for the KEGG pathway ribosome, which is a core part of the transcriptional 574 environmental stress response in yeast (59). 575
Structural differences of the skin between FW and HON fish, because of 576 differences in acclimation or adaptation to fresh water, may also contribute to their 577 differing acclimation abilities. For example, ionocyte-associated shallow "leaky" 578 tight junctions were frequently observed in TEM images from HON animals 579 acclimated to air, but none were observed in air-acclimated FW animals; this is 580 typical of gill ionocytes acclimated to salty water. Since shallow tight junctions 581 regulate sodium transport, this is consistent with divergent patterns of expression 582 of ionoregulatory genes outlined above. 583 We propose the following to explain differences in resilience to emersion 584 between HON and FW fish: immediate differences in cell cycle regulatory response 585 may indicate differences between HON and FW animals in their ability to sense and 586 respond to cellular stress incurred upon emersion (set 1). Cellular damage may have 587 accumulated in the less-resilient FW strain, such that proteolytic activity is up-588 regulated primarily in that strain (set 2). Differences between HON and FW animals 589
in their regulation of structural and functional components of the osmoregulatory 590 apparatus in ionocytes (set 3) contributes to differences in resilience to the 591 ionoregulatory challenges posed by emersion. In particular, genes that code for 592 proteins that are directly linked to sodium uptake (e.g., NHE, NBC and accessory 593 protein CA, NKA; (60)) showed a downward or erratic trend in our FW strain. If the 594 skin is solely responsible for sodium uptake in air-exposed fish as we presume, then 595 a lack of a clear concerted induction of the NHE/NBC pathway may indicate that 596 sodium uptake was limited in FW fish which may have affected survival. Though 597 plasma sodium is difficult to measure in very small fish, additional studies are 598 merited to test this hypothesis. We conclude that osmoregulatory differences from 599 acclimation and/or adaptation to fresh water constrains the ability of K. marmoratus 600 to adjust to emersion. 601 602
Protein evolution 603
Our initial test for positive selection in K. marmoratus protein sequences 604 included 1,073 single-copy orthologous gene loci in all nine fish species included 605 (Table S12 , Fig. S15) , and revealed 24 genes showing positive selection in the K. 606 marmoratus lineage only (Table S13 , Fig. S15 ). An extended analysis expanded the 607 query set to include orthologs present in all species except one of either D. rerio, T. 608 rubripes, or G. aculeatus; this included 461 further genes for analysis (Table S14) , 609
and revealed 16 more gene loci evolving by positive selection in the K. marmoratus 610 lineage (Table S15 , Fig. S15 ). Because of the constraints for confidently identifying 611 single-copy orthologs across multiple taxa, this analysis queried only ~4% of the 612 genes in the K. marmoratus genome (Table S16 ). Therefore, we likely did not detect 613 many of the genes evolving by positive selection within this unusual species. For 614 example, Rhesus glycoproteins appear to be evolving by positive selection in 615 amphibious mudskippers (61), but since these proteins were not included in our 616 query set we cannot infer whether they similarly show accelerated evolution in 617 amphibious K. marmoratus. However, we predicted that some of the genes evolving 618 by positive selection in the K. marmoratus lineage would contribute to the unique 619 terrestrial abilities of this species, such as those involved in the skin functions 620 implicated by gene expression, physiological assays, and structural imaging 621 reported here. 622 We detected positive selection in genes involved in skin morphology and 623 morphogenesis, including two key genes that contribute to desmosome structure 624 (desmoglein and plakophilin) and in transcription factor Kruppel-like factor 9 625 (KLF9) that regulates skin morphogenesis (62). Desmosomes share a conserved role 626 in maintaining epidermal integrity to mechanical stress in other vertebrates 627
including amphibians (63), and are subject to selection during re-invasion of aquatic 628 environments in mammals (64). Furthermore, human diseases of the heart and skin 629 are associated with mutations in desmosome structure and expression, and with 630 desmosome genotype-by-environment interactions (65). Given that desmosome 631 proteins are evolving by directional selection in the amphibious K. marmoratus, they 632 may prove a valuable model for exploring the eco-physiological importance of 633 desmosome regulation, structure, and function. Positive selection was also detected 634
in heart-and neural crest derivatives-expressed protein 1 (HAND1) which is 635 required for angiogenesis, and regulates the expression of many angiogenic 636 pathways including VEGF, angiopoietin, and ephrin signaling (66). Pathways related 637
to skin remodeling, desmosome function, and angiogenesis are also among those 638 showing patterns of differential regulation during terrestrial acclimation ( Fig. 2A) . 639 We conclude that proteins evolving by positive selection within the K. marmoratus 640 lineage are adaptive for supporting skin plasticity that enables the amphibious 641 lifestyle of this species. 642 643
Summary 644
Amphibious abilities have evolved in at least 33 families of extant fish (1, 67, 645 68), many species of amphibians transition between aquatic and terrestrial forms 646 during metamorphosis, and three lineages of terrestrial mammals have transitioned 647 back to fully aquatic forms (cetaceans, pinnipeds, and sirens). This diversity 648
provides ample opportunity to study the conserved and divergent mechanisms that 649 support transitions between aquatic and terrestrial physiologies that are so 650 important in the history of vertebrate diversification. So far, few studies have 651 detailed the mechanisms that underlie skin plasticity and evolution during 652 emersion. Our integrated molecular, structural, and evolutionary analyses reveal the 653 importance of regulation of cell-cell adhesion structures, regulation of molecular 654 pathways that govern skin morphogenesis, and evolution of desmosome proteins to 655 mechanically reinforce and buttress barrier functions of this tissue. The challenge of 656 supporting respiratory and ion exchange functions is associated with ionocyte 657 structures and rapid regulation of ionoregulatory pathways, angiogenesis, evolution 658 of angiogenesis-regulating proteins, and an unusual blood vessel architecture that 659 links very short air-blood diffusion distance with delivery to energetically 660 demanding ionocytes. Studies in marine mammals and amphibious gobies provide 661 evidence of parallel importance of skin morphogenesis (64) and ion transport 662 mechanisms (61), respectively, in aquatic-terrestrial transitions. Future studies 663 could focus on organs in addition to skin, such as eyes, brain, liver, kidney, and 664 muscle, that may contribute to terrestrial acclimation. 665
We found that K. marmoratus derived from brackish niches were more 666 resilient to emersion than freshwater types. Considering that Devonian tetrapods 667 were likely derived from marine or brackish lineages (e.g., (69-71)), and that 668 brackish and terrestrial environments share challenges posed by dehydration, 669 perhaps salty aquatic environments favor osmoregulatory physiologies that are 670 more easily co-opted for terrestriality than freshwater environments. Our data are 671 consistent with this hypothesis and suggest that physiological differences in 672 ionoregulation are mechanistically associated with terrestrial acclimation abilities. 673 674 (Tables S1-690 S11), where font is linearly scaled by fold-enrichment of GO term (e.g., for genes 691 upregulated by 1 hr post emersion, transcription factor activity is enriched 2.3-fold 692 (p=4.5E-05), whereas desmosome is enriched 12.3-fold (p=6.1E-04); Tables S1-S11). 693
Figure legends
Font size is normalized across all 11 word clouds. *fonts for this word cloud were 694 down-scaled by 50% to fit within figure (e.g., MCM complex is enriched 36-fold). nuclear receptor subfamily 4 group A member 1 (NR4A1), and serum response 814 factor (SRF), plus genes B2 bradykinin receptor (BDKRB2) and neuronal nitric oxide 815 synthase (NOS1), after time in air (hours) and in pre-emersion controls (0h) for 816 HON (black) and FW (grey) fish. 817 818 Figure S14 . Log2 expression levels for genes typically expressed in ionocytes, 819
including sodium/potassium-transporting ATPase subunit alpha-2 (ATP1A2, or 820 NKA), sodium bicarbonate cotransporter 3 (SLC4A7, or NBC3), sodium/hydrogen 821 exchanger 7 (SLC9A7, or NHE7), V-type proton ATPase 16 kDa proteolipid subunit 822 (ATP6V0C), V-type proton ATPase catalytic subunit A (ATP6V1A), cystic fibrosis 823 transmembrane conductance regulator (CFTR), carbonic anhydrase 1 (CA1), 824 carbonic anhydrase 4 (CA4), claudin-1 (CLDN1), claudin-19 (CLDN19), and 825 aquaporin FA-CHIP (AQPA), after time in air (hours) and in pre-emersion controls 826 (0h) for HON (black) and FW (grey) fish. 827 828 Figure S15 . Workflow for detecting genes evolving by positive selection in 829 amphibious K. marmoratus compared to other non-amphibious fish. 830 831
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